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Abstract
Mobile elements represent a unique and powerful set of tools for understanding the variation in a
genome. Methods exist not only to utilize the polymorphisms among and within taxa to various ends
but also to investigate the mechanism through which mobilization occurs. The number of methods
to accomplish these ends is ever growing. Here we present several protocols designed to assay mobile
element-based variation within and among individual genomes.
1. Introduction
Mobile elements are interspersed repetitive DNA sequences with the unique ability to spread
copies of themselves throughout the genome they occupy. As a result, these sequences can
comprise a large proportion of the genomes in which they are found (1,2). Mobile elements
may be divided into two classes depending on how they mobilize and the type of intermediate
they use. Class I elements include the retrotransposons, which utilize an RNA intermediate
during retrotransposition, while DNA transposons, Class II, utilize a DNA intermediate during
mobilization (3). While DNA transposons have had periods of activity early in primate
evolution, all major recent activity in the human lineage has been retrotransposon-based (1,
4). Thus, we will focus on these for this chapter.
Retrotransposons from the human lineage include L1 (a Long INterspersed Element), Alu (a
primate-specific Short INterspersed Element) and SVA (a composite retrotransposon).
Together these elements have had significant impacts on the architecture of primate genomes
(5). They comprise over ~40% of the human genome by mass and are the most abundant
interspersed elements therein (6). Because of their high copy number, these interspersed repeats
have been a significant source of variation as a result of insertion, transduction, and post-
integration recombination among elements (6,7). During retrotransposition the RNA copy is
reverse transcribed by target primed reverse transcription (TPRT) and subsequently integrated
into the host genome (8,9,10). Unable to retrotranspose autonomously, Alu and SVA elements
are thought to borrow the enzymatic factors required for their mobilization from L1 elements
(8,11,12,13,14,15), which encode a protein complex with endonuclease and reverse
transcriptase activity (16,17).
Over the millions of years of primate evolution, retrotransposons have tended to accumulate
in a hierarchical manner. This pattern is a direct result of the mechanisms through which they
mobilize and insert, a modified version of the master gene model (18,19,20,21). Evidence
suggests that a subfamily will accumulate copies for a certain time period and then become
quiescent. Other newer subfamilies subsequently become active and the pattern repeats itself.
This pattern is well illustrated by the Alu family of SINEs. Over time, the Alu element has
diversified into a variety of subfamilies, each with its own set of diagnostic sequence
characteristics and period of activity. For example, during the early stages of primate evolution,
AluJ subfamilies were active. The activity of these subfamilies was later reduced (if not
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extinguished) and the AluS subfamilies, derivatives of AluJ, became active. Thus, while AluJ
elements are found in all primates, AluS elements are found only in anthropoid primates
(tarsiers, Platyrrhini, Catarrhini). The AluY subfamilies (22) are even more taxonomically
specific in that they began their expansion in catarrhine primates after the platyrrhine-catarrhine
split (23). Thus, each taxon has a unique pattern of insertions some of which are shared with
other closely related taxa and others that are unique to that lineage. For example, the most
recent Alu elements to mobilize in our own genome belong to a series of AluY subfamilies
(AluYb8, AluYa5a2, etc.) that are exclusively or primarily specific to the human branch of the
primate tree (24,25,26,27).
As genetic markers, retrotransposons of all sorts offer certain advantages over more commonly
used genetic characters such as microsatellites and sequence data. First and foremost is the
observation that these markers are an essentially homoplasy-free set of characters (28,29,30,
31,32). Unlike many other genetic markers, they tend to exist as character states for no other
reason than inheritance from a common ancestor. Thus, they are almost invariably identical
by descent, not just identical by state. As a result, they can be used to provide an extremely
accurate picture of evolutionary and population relationships (33,34,35,36,37,38,39). We also
know that the ancestral state at any locus is the absence of the element and once the element
is inserted it typically remains there indefinitely. These characteristics result in a relatively
simple evolutionary model to be applied when interpreting the data.
SINEs and other retrotransposons share other desirable characteristics as well. The vast
majority of mobile element insertions in the host genome are neutral residents(40). The process
of genotyping individuals to determine insertion presence or absence at any given set of loci
is a relatively simple task involving easily distinguishable fragments on a simple agarose gel
stained with ethidium bromide. Multiplexing of loci is possible (41,42) and fluorescently
labeled primers may also be used if one is interested in automated analysis (43). These features
make the analysis of Alu elements a robust tool for tracking human geographic origins.
In the following pages we will describe several techniques that have been used to investigate
aspects of primate biology and mobile element biology in the primate lineage. We will not only
focus on the human lineage but will also mention some techniques that are widely applicable
to other taxa, especially non-human primates. We will describe the laboratory techniques
required to investigate questions from the fields of forensics, population biology,
phylogenetics, genome evolution, and the biology of the elements themselves. One advantage
primate researchers have over many other taxa is the availability of a variety of primate genome
sequences to serve as a resource and reference in their work. Many of the laboratory techniques
to be described benefit from the availability of these sequences and we suggest the reader
reference the companion chapter in this volume dedicated to computational analysis of primate/
human mobile elements.
1.1. Forensic Applications
Many of the unique properties of mobile elements make them ideally suited for a variety of
forensic applications. This section will focus on the Alu element, the most abundant class of
SINE in the human genome. Most Alu elements have become permanent residents of the human
genome and are “fixed present”, meaning that all individuals are homozygous for the insertion
at a particular locus. The continued expansion of Alu elements throughout primate evolution
has created several recently integrated “young” subfamilies that are present in the human
genome, but largely absent from nonhuman primates (24,25,27,44,45). Some members of these
young Alu subfamilies have inserted in the human genome recently enough that individuals
remain polymorphic for the insertion presence/absence. Both fixed and polymorphic Alu
elements have been utilized successfully as robust forensic tools.
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Forensic DNA analysis typically begins with the quantitation of human-specific DNA obtained
from the biological sample. This is essential to determine the most appropriate autosomal and
Y chromosome analysis strategies to perform (46). Highly sensitive methods for quantitation
of human DNA based on Alu elements have been reported (46,47,48,49,50,51,52,53). These
methods take advantage of the high copy number of fixed Alu elements in the human genome
to maximize sensitivity. Human DNA quantitation based on Alu elements is evolving as the
preferred method in the forensic community (50). The method described in this chapter utilizes
a subfamily of Alu elements, enriched in the human genome as compared to other primate
species, to maximize human specificity (52,53).
Another important forensic use for Alu elements is human gender identification (54). Fixed
Alu insertions on either the X or the Y chromosome provide a simple and reliable system to
identify them. AluSTXa and AluSTYa loci demonstrate 100% accuracy in X and Y chromosome
identification. The combination of these two markers provides added assurance that gender
identification results are accurate since two completely independent mutations would have to
occur to affect the outcome.
When one thinks about forensic DNA analysis what typically comes to mind is obtaining a
“match” between a crime scene DNA sample and an alleged criminal suspect, thus “solving
the case.” Frequently however, tools that narrow the potential pool of suspects are essential
precursors to a positive identification. The inferred ancestral origin of a DNA specimen is one
type of predictor evidence which can advance a criminal investigation (55). Polymorphic
Alu insertions have been widely used to study human genetic variation in the world populations
(6,56,57,58,59,60).
1.2. Taxonomic Applications
One of the most productive areas of mobile element application has been in the arena of
phylogenetic inference. Numerous difficult questions regarding the evolutionary history of the
primate lineage have been successfully addressed using Alu elements as tools. For example,
Salem et al. (37) confidently resolved the human-chimpanzee-gorilla trichotomy and Ray et
al. (38) successfully determined the controversial branching order of three families of
platyrrhine (New World) primates. Utilizing retrotransposons as phylogenetic markers has
been described a number of times. However, phylogenetic analysis of the primate lineage is
unique due to the existence of several ‘reference’ genomes. The human (1), chimpanzee (61),
and macaque (62) genomes have been released and the marmoset and orang-utan genomes will
likely be released in the near future. These genomes provide a valuable resource in determining
potentially informative insertions and primer design.
One important consequence of the hierarchical accumulation of retrotransposons in the genome
is the ability to target subfamilies of the retrotransposon family that were active during the
evolutionary period of interest. For example, if a researcher’s interest is in the recent
evolutionary history of tamarins, he or she would want to focus on elements belonging to the
AluTa subfamilies instead of AluY, AluS or AluJ: the reason being that all of the latter families
were either inactive during that period or never proliferated in that lineage. AluTa, on the other
hand has been active in the tamarin lineage over the last 15-20 million years and many
informative insertions will likely be present. Methods described in the companion chapter on
computational analysis can aid researchers in determining the sequences that should be targeted
for any particular question.
In laboratories dealing with primate genetics, it is critical that researchers be sure that they are
handling DNA from the appropriate taxon. For instance, very often researchers collect or
receive DNA that was collected in a ‘non-invasive’ manner (i.e. ‘divorced’ tissues such as hair
or feces) (63,64,65). This is especially true during investigations of the illegal wildlife trade
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and identification of seized products (64,66,67). Even when laboratories produce their own
‘in-house’ genomic DNA via cell culture, cross-contamination can occur among cell cultures
and within concurrent large-scale DNA extractions from multiple species. Furthermore, simple
mishandling of well documented samples may result in the loss of their labels. Future analyses
based on these mistaken identities can be compromised. We will review an Alu-based
dichotomous key for the resolution of primate sample identity for researchers in this area.
1.3. Structural Impact of Retrotransposons
Among mobile elements, retrotransposons (e.g.,L1, Alu, and SVA elements) are major
endogenous contributors to the creation of structural variation in primate genomes. The tempo
and mode of their amplification during the primate radiation have been shown to be lineage-
specific events and thus, retrotransposons have had an extensive impact on the evolutionary
history of different primate lineages through shaping of their genomic landscape (1,61,68,69,
70). Computational analyses of genomic sequence, along with the use of newly developed cell
culture assays, suggest that the overall contribution of retrotransposon-mediated genomic
variation involves not only the initial integration event but also a variety of recombination
events occurring after that integration (e.g., Alu retrotransposition-mediated deletions, L1
insertion-mediated deletion, and Alu recombination-mediated deletions) (68,71,72,73).
Completion of the human and chimpanzee reference genomes allowed whole-genome
comparison studies of L1 and Alu insertion-mediated variation in these primate lineages. The
results showed that 24 (~1.3%) of the total ~1800 human-specific L1 insertions are involved
in genomic deletions and are directly responsible for the loss of ~18 kb from the human genome
(72), whereas, only ~0.2% of human-specific Alu insertions are involved in genomic deletions
and are responsible for the loss of ~9 kb from the human genome (71). Post-insertion
recombination events, however, were shown to have greater genomic impact. Sen et al. (73)
identified 492 Alu recombination-mediated genomic deletions which resulted in the loss of
~400 kb of human genomic sequence, and ~60% of these deletions are involved in known or
predicted genes. Three events actually deleted functional exons from human genes as compared
to orthologous chimpanzee genes (73).
Genome alignment studies such as these have helped us to understand the distribution of
retrotransposons and provide insight into their impact on host genomes, but tell us little about
their mobilization. It has been the development of in vitro cell culture based assays which have
allowed us to study the mobilization dynamics of retrotransposons. A companion chapter in
this volume is dedicated to computational methods for the analysis of primate/human mobile
elements. Therefore, in this section we will focus on methods which utilize recently developed
cell culture assays to study retrotransposition events and consider their genomic impact in
cultured human cells.
The transient cultured cell retrotransposition assay was developed by Moran and his colleagues
(74,75). L1.2A was isolated as a potential progenitor of disease-producing L1 insertions into
the factor VIII from patient JH-27 (hemophilia A) (76). To investigate whether the L1.2A has
the capacity of an autonomous retrotransposon, the sequence was cloned and subcloned into a
pCEP4 expression vector including a mneol reporter cassette which is comprised of an
antisense copy of a neo selectable marker, the heterologous SV40 promoter, and a
polyadenylation sequence. The neo gene is disrupted by an intron in the opposite transcriptional
orientation (74). This genetic system could display L1 retrotransposition in cultured cell lines
and help to estimate the frequency of L1 autonomous retrotransposition. On the basis of these
achievements, 82 out of 89 L1s with intact ORFs that exist in the human genome were cloned,
and the retrotranspositional capability of each was predicted in cultured human 143B TK-
osteosarcoma cells (77). Moreover, the characterization of new daughter L1 inserts generated
by synthetic retrotransposition-competent L1s in cultured human cells demonstrated that L1
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retrotransposition events cause genomic instability such as deletions, duplications,
translocations, and intra-L1 rearrangements (78,79,80) and have the potential to provide the
host genome with new gene families through L1-mediated transduction (74,81).
Through the L1-mediated Alu retrotransposition assay, the retrotransposed Alu elements and
their flanking sequences were investigated to confirm the fact that Alu elements are indeed
mobilized in trans by using the L1 enzymatic machinery. As a result, the new daughter Alu
inserts derived from a neoTet-marked Alu construct were intact without deletion. Their pre-
insertion sites were predominantly close to an L1 endonuclease cleavage site consensus
(TT^AAAA) and on each side of the Alu inserts were the presence of target site duplications
(TSDs), one hallmark of authentic Alu retrotransposition, generated by the target-site primed
reverse transcription process (10,17,82). Moreover, it was noteworthy that only ORF2p
products (endonuclease and reverse transcriptase domains) of L1-encoded proteins are
essential for the Alu retrotransposition (14).
The fact that L1 retrotransposition can create genomic deletions in the human genome was
revealed by the systems of L1 retrotransposition in cultured human cells and the plasmid-based
rescue technique (see Subheading 3.3.3.). It revealed that ~ 20% of de novo L1 insertions
recognized through cultured cell retrotransposition assays caused genomic deletions at the
integration site and the size of DNA sequences deleted through these events ranged up to 71
kb (78,79,80).
The enormous difference in genomic variation observed between in vitro and in vivo forms of
investigation could be caused by evolutionary forces (e.g., selection pressure, the number of
retrotransposition-competent L1s, and effective population size) and host defense mechanisms
(e.g., RNAi, APOBEC, and methylation).
2. Materials
2.1 Forensic Applications
2.1.1. AluSTYa and AluSTXa loci for human gender identification—
1. Oligonucleotide PCR primers for each locus: AluSTYa, Forward 5′-
CATGTATTTGATGGGGATAGAGG-3′and Reverse 5′-
CCTTTTCATCCAACTACCACTGA-3′, Primers for the Alu insertion on X
chromosomes, AluSTXa, Forward 5′-TGAAGAAATTCAGTTCATAGCTTGT-3′
and Reverse 5′-CAGGAGATCCTGAGATTATGTGG-3. For both loci, males are
distinguished as having two DNA amplicons (X and Y chromosomes), while females
(two X chromosomes) have only a single amplicon (Fig. 1).
2. Standard PCR reagents, a thermal-cycler PCR machine, single channel pipettes
3. Horizontal gel electrophoresis unit and power supply; agarose, TBE buffer
4. Ethidium bromide and UV light source to record gel image
2.1.2. Intra-AluYb8 PCR Assay for Human DNA detection and quantitation—
1. PCR primers: Forward 5′-CTTGCAGTGAGCCGAGATT-3′ and Reverse 5′-
GAGACGGAGTCTCGCTCTGTC-3′.
2. TaqMan-MGB probe: 5′FAM or VIC-ACTGCAGTCCGCAGTCCGGCCT-3′-
MGBNFQ (Applied Biosystems, Inc.).
3. ABI 7000 Sequence detection system or equivalent and TaqMan PCR core reagents
(Kit No. 4304439 or N8080228; Applied Biosystems, Inc).
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4. Human Genomic DNA standard (examples: Promega G3041; Novagen #69237)
5. Optical PCR plates and lids (Cat. No. N8010560 and 4360954, respectively; ABI)
2.1.3. Inference of human geographic origins—
1. PCR primers for a set of 100 Alu insertion polymorphisms and the database of
genotypes for 715 individuals of known geographic ancestry from sub-Saharan
Africa, East Asia, Europe and India (83). These files are available for free download
at: (http://www.batzerlab.lsu.edu; publication #158, Supplementary Data) (55).
2. The program Structure2.2: a free software package for using multi-locus genotype
data to investigate population structure (84,85). It is available for free download at
http://pritch.bsd.uchicago.edu/software.html
3. Standard PCR reagents, a thermal cycler PCR machine, single channel pipettes
4. Horizontal gel electrophoresis unit and power supply; agarose, TBE buffer




2. Alu subfamily-specific oligonucleotides primers.
3. Standard PCR reagents, thermal cycler, single channel pipettes.
4. Restriction enzyme compatible to linker oligonucleotides.
5. Genomic DNA from taxa of interest.
6. Horizontal gel electrophoresis unit and power supply; agarose, TBE buffer.
7. Ethidium bromide and UV light source to analyze PCR products.
2.2.2. Phylogeny inference—
1. Oligonucleotide primers for specific Alu insertion loci.
2. Standard PCR reagents, thermal cycler, single channel pipettes.
3. Genomic DNA from taxa of interest.
4. Horizontal gel electrophoresis unit and power supply; agarose, TBE buffer.
5. Ethidium bromide and UV light source to analyze PCR products.
2.2.3. Dichotomous key identification—
1. Standard set of oligonucleotides primers from Herke et al. (86). Individual researchers
must determine if the entire set of oligonucleotides or some subset is required for their
particular research.
2. Standard PCR reagents, thermal cycler, single channel pipettes.
3. Genomic DNA from taxa of interest.
4. Horizontal gel electrophoresis unit and power supply; agarose, TBE buffer.
5. Ethidium bromide and UV light source to analyze PCR products.
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2.3. Patterns and Processes of Transpositions in Cultured Cells and within a Genome
2.3.1 Transient cultured cell retrotransposition assay (70,71)—
1. Obtain L1.2mneol expression vector (74): L1.2A, isolated by Dombroski et al., (76),
was engineered to create L1.2mneol expression vector. To leave a unique BamHI site
flanking its 3′ end, the BamHI restriction site at position 4836 of L1.2A was disrupted
by site-directed mutagenesis. A NotI and a SmaI restriction sites were introduced
upstream of its 5′ UTR and into 3′ UTR at position 5980, respectively. A blunt-ended
2.1 kb EcoRI-BamHI fragment bearing the neo indicator cassette (87) was ligated to
the SmaI site resulting in pJCC9 or pJCC8. Thus, the two plasmids contained a tagged
L1.2A element, but pJCC8 lacked the L1.2A 5′ UTR. The pJCC9 was restricted with
two restriction enzymes of NotI and BamHI, generating the 8.1 kb NotI-BamHI
fragment which was subcloned into pCEP4 expression vector (Invitrogen) to create
pJM101.
2. NeoTet-marked Alu element (14): The Alu sequence, integrated into intron 5 of
neurofibromatosis type 1 (88), was inserted between 7SL RNA gene enhancer and
termination signal using the pDL41-48 plasmid (89). Next, the neoTet reporter gene
(controlled by the SV40 promoter) was inserted upstream of the right monomer poly
(A) tail by cleaving the Alu sequence-containing plasmid with Tth111I (5′-
GACNNNGTC-3′) restriction enzyme and ligating with neoTet PCR product.
3. CMV L1-RP expression vector (14): The cloned L1.2A (76) was inserted, as a blunt-
ended NotI–NsiI fragment, between the CMV promoter and the SV40 polyadenylation
site of pCMVβ (Clontech) to create CMV L1.2 expression vector (90). Next, the L1.2
sequence of the CMV L1.2 expression vector was replaced with L1RP sequence
(91) resulting in the CMV L1-RP expression vector.
2.3.2. L1-Mediated Alu Retrotransposition in Cultured Human Cells—
1. Liquid N2 is used to preserve cell lines, either in the vapor phase (−156°C) or in the
liquid phase (−196°C). Hela cells (ATCC CCL2) are grown at 37 °C an atmosphere
containing 5-7% CO2 and 100% humidity in high glucose Dulbecco’s modified
Eagle’s medium (DMEM) lacking pyruvate (GIBCO®). DMEM was supplemented
with 10% fetal bovine calf serum, 0.4 mM glutamine, and 20U/mL penicillin-
streptomycin (DMEM-complete).
2. Phosphate-buffered saline (PBS) solution: PBS contains 136.8 mM NaCl, 2.5 mM
KCl, 0.8 mM Na2HPO4, 1.47 mM KH2PO4, 0.9 mM CaCl2, and 0.5 mM MgCl2
(6H2O) in distilled water. The solution is sterilized by using 0.22-μm filter (Millipore)
and is stored at room temperature.
3. Geneticin (GIBCO®): Geneticin powder is dissolved in PBS to make a 125 mg/mL
stock solution, which is sterilized by using 0.22-μm filter (Millipore) and stored at
−20°C.
4. FIX solution: FIX solution contains 2% formaldehyde (of a 37% stock solution in
ddH2O) and 0.2% glutaraldehyde (of a 50% stock solution in ddH2O) in 1 × PBS and
is stored at 4°C.
2.3.3. Rescue of L1 integrants from G418R foci (Fig. 5) (74,92)—
1. HeLa genomic DNAs are isolated using the blood and/or cell Midi Prep kit (Qiagen)
or the cell and tissue DNA isolation kit (Puregen; Gentra).
2. Plasmid DNAs are purified on Qiagen midi prep columns.
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3. For transfection experiments, DNA superhelicity is tested by electrophoresis on 0.6–
0.7% agarose-ethidium bromide gels.
3. Methods
3.1. Forensic Applications
3.1.1. Human Gender Identification—
1. Dilute AluSTYa and AluSTXa stock primers to 2uM in 10mM Tris / 0.1mM EDTA
(TLE) to make a 10X working solution.
2. Obtain DNA from a human male and a human female control (if possible) and dilute
all DNA samples to 5ng/uL for PCR.
3. Set-up PCR reactions with 5ul (25ng) of DNA template per 25uL reaction volume.
Prepare a master mix containing PCR reagents per reaction: 1X PCR buffer, 0.2uM
each oligonucleotide primer, 200uM dNTP mix, 1.5mM MgCl2 and 1U Taq DNA
polymerase. Add sterile water for a final volume of 20uL of mix per reaction. Prepare
20% excess master mix (if you have 10 PCR samples, make enough mix for 12 to
insure accurate transfer of 20uL of mix per well).
4. Perform PCR reactions using the following conditions: Initial denaturation for 90
seconds at 94°C followed by 30-32 cycles of 95°C for 30 seconds, anneal for 30
seconds at 58°C (AluSTYa) or 60°C (AluSTXa), extension at 72°C for 30 seconds
followed by a final extension at 72°C for 2 minutes.
5. Prepare a 2% agarose gel in 1X TBE buffer containing 0.2ug/mL ethidium bromide.
Load 20ul of PCR product on gel, size separate PCR amplicons by electrophoresis at
150 V for 1 hour and visualize the genotypes using UV illumination (Fig. 1).
3.1.2. Human DNA Detection and Quantitation—
1. Prepare a 10-fold serial dilution of human DNA standard from 100ng to 0.01pg by
first making an aliquot of 20ng/uL, then diluting a portion of that 1:10 in TLE
(10mM Tris/ 0.1mM EDTA) to make 2ng/uL, diluting a portion of that 1:10, and so
on serially.
2. Use 5uL of each of the above in duplicate (see Note 4.1) to prepare a standard curve
from 100ng to 0.01pg.
3. Use 5uL of each DNA sample being tested (the unknowns), also in duplicate, in a
50uL PCR reaction volume.
4. Prepare a master mix using TaqMan PCR core reagents (ie. Kit No. 4304439) from
Applied Biosystems, Inc. (or equivalent) according to the manufacturer’s instructions.
Each quantitative PCR reaction includes 1X TaqMan PCR buffer, 0.5U AmpErase
UNG, 1uM Intra-AluYb8 primers from subheading 2.1.2, 100nM TaqMan probe
from subheading 2.1.3, 0.5mM dNTPs, 5.0mM MgCl2, and 2.5U AmpliTaq Gold
DNA polymerase.
5. Add 45 μL master mix to each well containing 5 μL DNA template and carefully seal
the optical plate using optical adhesive film (Cat. No. 4360954). Use a plastic sealing
spatula or equivalent to avoid touching the optical film with hands.
6. If using an ABI 7000 Prism Sequence Detection System, open a new absolute
quantitation file and select the “Setup” icon. Designate each sample well according
to standard, unknown, FAM, VIC, etc. Next, select the “Instrument” icon and confirm
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the PCR cycling conditions listed in the next step, then save the file before starting
the run.
7. Perform quantitative PCR using universal PCR cycling conditions as described: 2
minutes at 50°C for activation of the AmpErase UNG, followed by a denaturation
step of 10 minutes at 95°C to activate the AmpliTaq Gold DNA polymerase, then 40
amplification cycles of denaturation at 95°C for 15 seconds and 1 minute of anneal/
extension at 60°C.
8. Following amplification, select the “Results” icon and “amplification plot.” Select
the wells containing the standards from Step 1 and drag the green threshold bar until
it crosses the amplification signal of the standards in the linear phase of amplification
(Fig. 2a). Select “Analyze”
9. The ABI Prism 7000 SDS software will calculate the value of each unknown based
on the standard curve DNA concentrations.
10. Export the data from the ABI Prism 7000 SDS software into a Microsoft Excel
spreadsheet. Calculate the mean and standard deviation for each point on the standard
curve and use the Excel “trendline” option to construct the standard curve. Plot each
unknown (mean ± SD) along the standard curve to calculate the DNA quantity (Fig.
2b).
3.1.3. Inference of human geographic origins—
1. Dilute 100 Alu stock primers to 2 uM in 10mM Tris/ 0.1mM EDTA (TLE) to make a
10X working solution for each.
2. Perform PCR reactions with at least 10ng of DNA template per 25ul reaction volume
for 30-32 cycles using the conditions downloaded in subheading 2.1.3.
3. Prepare a 2% agarose gel in 1X TBE buffer containing 0.2ug/mL ethidium bromide.
Load 20uL of PCR product on gel, size separate PCR amplicons by electrophoresis
at 170 V for 1 hour and visualize the genotypes using UV illumination (Fig. 3).
4. Record genotype data in an Excel spreadsheet as: 1, 1 (homozygous present); 1, 0
(heterozygous); 0, 0 (homozygous absent) in rows for each sample as shown in the
reference database downloaded in subheading 2.1.3.
5. Prepare the data input file for Structure analysis by pasting the genotypes collected
for the unknown subjects into a copy of the reference database. Use population code
“0” for each unknown.
6. Open Structure2.2 software by double click on the “gear icon” then select File; New
Project (see Note 4.2).
7. Follow the New Project Wizard steps 1-4: Step 1: Name file and location; Step 2:
Number of individuals equals 715 plus the number of your unknowns; Ploidy of data
= 2; Number of loci = 100 and Missing data value = −9; Step 3: select box “data file
stores data for individuals in a single line”; Step 4: select the following boxes:
“individual ID for each individual”; “putative population origin for each individual”;
“other extra columns” = 2 for population ID column and continental origin column.
Click “Finish” to complete the data input process.
8. Select “Parameter Set”; “New” from the toolbar. Length of Burnin period = 10,000;
number of MCMC reps after Burnin = 10,000. On the “Ancestry Model” page select
box “Use Population Information.” Use the default settings for the remaining tabs and
select “OK”.
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9. Select “Parameter Set”; “Run”; enter number of K populations = 4 at the prompt and
hit “OK”
10. The time required to complete the Structure analysis run varies depending on your
personal computer, the number of individuals being analyzed, and particular
parameter settings. Once complete, assess the population assignment of your
unknown individuals. Probability of assignment to one of the 4 pre-defined clusters
of at least 80% is a strong indicator of individual ancestry.
11. If the probability of assignment to one of the 4 pre-defined clusters is less than 80%
with significant admixture from one of more of the other clusters, re-run the
Structure analysis, first assigning the individual to one cluster, and then to each of the
other admixed clusters.
3.2. Taxonomic Applications
3.2.1. Locus identification—Using knowledge of subfamily diagnostic sites, it is a
relatively simple task to design primers to experimentally mine a genome with reference to a
full genome sequence. The key to this process is to ensure that the diagnostic sites that define
the subfamily of interest are well-represented in the primer to be used. Furthermore, it would
be advantageous to have the most 3′ base be unique to the subfamily targeted. Several software
packages exist to aid in this process. Identification of potentially informative loci involves the
generation of ‘half-sites’ from the genomes of interest. Specifically, a linker ligation protocol
first suggested by Munroe et al. (93) and refined by Roy et al. (94) and Ray et al. (38) (Fig. 4)
is used to clone the sequences neighboring one side of an insertion. This process involves the
digestion of genomic DNA in such a way that an overhang is produced. That overhang is
matched to a set of annealed linkers, which are ligated to the digested genome fragments.
If you have some information on the consensus sequence of the Alu subfamily you are targeting,
use an alignment of that subfamily consensus and other Alu subfamilies to design primers to
be used. Primers should be as specific as possible to the subfamily of interest and preferably
end with a subfamily specific base. Standard primer design criteria regarding length, GC
content and annealing temperature should be considered (see Notes 4.3 and 4.4).
1. Perform a restriction digest of the genome of interest. Five hundred nanograms of
genomic DNA from each taxon should be digested using a restriction enzyme leaving
an appropriate overhand for the linkers to be ligated to the resulting fragments. For
example, we often use the enzyme NdeI (CA^TATG), which leaves a 5′ TA overhang.
NdeI is also a good choice because it does not cut within any known Alu subfamily
and has a six-base restriction site. This provides an advantage over four-base cutters
by producing longer fragments and thus, longer flanking sequences for later
computational searches of the reference genome(s). Reactions should be conducted
in 120 μl volumes and be followed by heat inactivation of the enzyme at 65 °C for 20
minutes.
2. Produce double stranded linkers by incubating 1 nmole of each linker oligonucleotide
(top and bottom) at 94°C for 10 minutes in a solution of 2X SSC, 10 mM Tris (pH 8).
Allow the solution to cool slowly to room temperature. It is important at this point to
ensure that your top linker sequences are complementary to the restriction sites that
will be produced. For example, when using NdeI, we will utilize linkers with the
following sequences: NdeI_top – TAGAAGGAGAGGACGCTGTCTGTCGAAGG,
Universal_bottom –
GAGCGAATTCGTCAACATAGCATTTCTGTCCTCTCCTTC. Note the
underlined bases in the top linker that will complement the overhang created by the
NdeI digest.
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3. Ligate 12 pmoles of the double stranded linkers 0.25 μg of the digested genomic DNA
using the ligase manufacturers protocol.
4. Amplify half-sites in 20 μL reactions consisting of the appropriate 1X buffer, 1.5
mM MgCl2, 200 mM dNTPs, 0.25 mM primers (the Alu-specific primer and the linker
primer, LNP (5′-GAATTCGTCAACATAGCATTTCT-3′)) and 1.5 U Taq
polymerase. Amplification conditions that typically work for us follow this
temperature regime: 94°C – 2min, 94°C– 20s, 62°C – 20 s, 72°C – 1min, 10s, for 5
cycles; 94°C – 20 s, 55°C – 20 s, 72°C – 1min, 10 s, for 25 cycles; 72°C – 3min.
5. The PCR products will span a range of sizes. Because smaller products (i.e. products
with shorter flanking sequences) will be cloned preferentially, we have found it useful
to use gel purification to select for fragments of 500-1000 bp. This ensures that we
will obtain enough flanking sequence to increase the probability of finding a single
orthologous sequence in the reference genome. We separate the products on a 2%
agarose gel and excise the appropriate range. The fragments are then purified using
a standard kit such as the Wizard gel purification kit from Promega.
6. Clone the purified PCR products using the TOPO-TA cloning kit for sequencing
(Invitrogen) and raise the colonies overnight at 37°C.
7. Select colonies for sequencing by using a sterile toothpick to pick the colonies and
incubate in 2-3 ml of Luria Broth (LB) broth overnight with shaking (200rpm) at 37°
C.
8. Purify the cultures using any of several standard kits. We typically use the Wizard
Plus SV Miniprep kit from Promega.
9. Sequencing is performed using any standard method. Our laboratory utilizes the
BigDye sequencing reagents from Applied Biosystems and an ABI 3130xl, also from
Applied Biosystems. The objective of this step is to obtain enough sequence to verify
the presence of the Alu insertion and identify the orthologous location in the reference
genome.
10. Once the sequence for any given clone has been obtained, the next task is to identify
the orthologous sequence in the reference genome. This is typically possible using
the web-based Blast-like Alignment Tool (BLAT) hosted at http://genome.ucsc.edu.
The search itself is trivial. However, with the expanding number of primate reference
genomes available, the choice of genome is important. As of this writing, reference
genomes for human, chimpanzee, and macaque might be used. Simply select the
reference genome of most closely related to the taxa of interest and input the sequence
from the cloned fragment. One of several possible results will be obtained. It is
possible that no orthologous sequence will be retrieved. This is not unexpected as
there will have been some evolutionary change since the divergence of the two
genomes. Often a query will yield a multiplicity of hits. This is often due to the
flanking sequence itself being a repetitive region of the genome. For example, a small
percentage of the cloned products will likely contain flanking sequences that consist
solely of L1 sequence. Unfortunately, these sequences are unlikely to be of much
value when designing primers as the resulting primers will have multiple annealing
sites in the genome.
The most productive hits are single, high-scoring hits from the genome of interest in which the
flanking sequence is unique. When these are encountered, BLAT can be used to expand the
coverage of the genome region to determine two important pieces of information. First, you
can immediately discover whether the insertion you recovered from the genome of interest is
present in the reference genome. This in itself may be useful information in resolving your
phylogeny. Second, you can identify the opposing flanking sequence of the SINE insertion in
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the reference genome. Using the opposing flank and the flanking sequence from the genome
of interest, oligonucleotides primers can be designed using standard methodologies. Primer
design should take into account the potential presence of other mobile elements in the flanks.
These should be avoided as priming sites for reasons stated above.
3.2.2. Phylogeny inference—
1. Prepare a panel of template DNAs to perform your phylogenetic analysis. The panel
should include all taxa of interest as well as an appropriate outgroup and negative
control (water). Template DNA concentration will be variable depending on the
standards of individual laboratories but should be consistent among taxa being
examined.
2. Perform amplifications on the panel using appropriate conditions for each primer pair
designed using the locus identification protocol above (see Subheading 2.2.1.).
Annealing temperatures, MgCl2 concentration, and other factors may differ among
primer sets.
3. Use agarose gel electrophoresis to determine insertion patterns for the insertions at
each locus. Fig. 4 illustrates one pattern obtained from an analysis of New World
primate taxa.
4. Each band should be scored as 1 (insertion present) or 0 (insertion absent) for all taxa
for which amplification was obtained.
5. While small, there is the possibility that size variation among taxa can be due to some
other event that mimics the pattern expected by presence or absence of the Alu being
assayed. Thus, some method should be used to verify that the source of any size
variation is indeed due to the presence or absence of the Alu element. DNA sequence
analysis provides the most information on each locus but can be cost-prohibitive. One
alternative may be to perform hybridization analysis using probes designed from the
Alu sequence and from the flanking sequences.
6. A matrix of presence/absence data can be analyzed using any of several available
phylogenetic analysis packages including PAUP* (95) and PHYLIP (96). Specific
considerations for phylogeny analysis using SINE insertion data has been previously
discussed by Okada and colleagues (28).
3.2.3. An Alu-based Dichotomous Key—
1. Dilute Alu stock primers from Herke et al. (86) to 2 μM in 10mM Tris/ 0.1mM EDTA
(TLE) to make a 10X working solution for each. The sequences are available for free
download at: (http://www.batzerlab.lsu.edu ; publication #190, Supplementary Data).
2. Perform PCR reactions with at least 10ng of DNA template per 25uL reaction volume
for 30-32 cycles using the conditions downloaded in subheading 2.2.3.
3. Prepare a 2% agarose gel in 1X TBE buffer containing 0.2ug/mL ethidium bromide.
Load 20ul of PCR product on gel, size separate PCR amplicons by electrophoresis
and visualize the genotypes using UV illumination.
3.3. Patterns and Processes of Transpositions in Cultured Cells and within a Genome
3.3.1. The transient cultured cell retrotransposition assay (75)—
1. Plate HeLa cells at 2 × 105 HeLa cells/well in 6-well plates and culture for ~8-14
hours at 37 °C an atmosphere containing 5-7% CO2 and 100% humidity in high
glucose DMEM lacking pyruvate (GIBCO®).
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2. Transfect cells with 3μL of FuGene 6 nonliposomal transfection reagents (Roche) and
1 μg of DNA per transfection of HeLa cell in 6-well plates.
3. Co-transfect one set of 6-well plates with equal amount of a reporter plasmid (pGreen
Lantern) and an L1 allele tagged with the mneol indicator cassette while the others
are transfected with only the L1 construct.
4. At three days post-transfection, trypsinize the HeLa cells in the first set of plates and
analyze them by using flow cytometry.
a. Remove the spent media with a sterile Pasteur pipette.
b. Wash the cells with 2 mL PBS (one or two times).
c. Remove the PBS and add 0.2 – 0.3 mL of a modified Versense solution
(5mM EDTA in PBS) which has been pre-warmed to 37°C, and then incubate
the plates for 10 minutes.
d. Gently remove the adherent cells from the 6-well plates.
e. Transfer the cell suspension to polystyrene tubes by passage through cells
snap caps (Falcon) and keep them on ice until flow cytometry analysis.
f. Quantify the cells with a Becton Dickinson flow cytometer using a 15 mWatt
argon ion laser (488 nm) and fluorescein filter sets (530/30 bandpass).
g. Perform data analysis using the CellQuest software.
h. The percentage of GFP cells is used to determine the transfection efficiency
of each sample.
5. Seed the remaining set at 2 × 105 cells/well in 6-well plates and add 400 μg/mL of
G418 to the cells for the selection of L1 retrotransposition.
6. Aspirate the selection media after 12 days (daily re-feeding) and wash the cells in 1
× PBS.
7. Fix the G418R foci by incubation in FIX solution for 30 minutes at 4 °C.
8. Stain the fixed cells for 30 minutes with crystal violet (0.2% crystal violet in 5% acetic
acid, 2.5% isopropanol) at room temperature and washed with PBS.
9. Determine the retrotransposition efficiency (the number of G418R foci/the number of
transfected cells) using an Oxford Optronics ColCount colony counter.
3.3.2. L1-Mediated Alu Retrotransposition in Cultured Human Cells—
1. Plate HeLa cells at 5 × 105 HeLa cell/60-mm dish and grow ~8-14 hours at 37 °C an
atmosphere containing 5-7% CO2 and 100% humidity in high glucose DMEM lacking
pyruvate (GIBCO®).
2. Co-transfect the dish with 12 μL Lipofectamine and 8 μL Reagent (GIBCO®), 2 μg
neoTet-marked Alu and 2 μg CMV L1-RP expression vector.
3. For seven days, culture and seed the transfected cells at 5 × 105 cells/100-mm dish.
4. Add 560 μg/mL of Geneticin (GIBCO®) to the cells for G418 selection.
5. After 14 days (daily re-feeding), aspirate the selection media and wash the cells in
1X PBS.
6. Fix the G418R foci by incubation in FIX solution for 30 minutes at 4 °C.
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7. Stain the fixed cells for 30 minutes with crystal violet (0.2% crystal violet in 5% acetic
acid, 2.5% isopropanol) at room temperature and washed with PBS.
8. Determine the retrotransposition efficiency (the number of G418R foci/the number of
transfected cells) using an Oxford Optronics ColCount colony counter.
3.3.3. Rescue of L1 integrants from G418R foci (Fig. 5) (74,92)—
1. Extract HeLa genomic DNA from either a single G418R focus or small pool (10 to
250) of G418R foci by using the Puregene cell and tissue DNA isolation kit (Gentra).
2. Perform a restriction digest of the genomic DNA as follow:
a. 10 μg of genomic DNA
b. 5 μL of 10 × buffer (specific to restriction enzyme)
c. 20U of restriction enzyme (HindIII, BglII, BclI or BamHI (New England
Biolabs))
d. Add distilled water for a final volume of 50 μL
3. Put the tube in a thermomixer or water bath at 37°C for 2 hours (or overnight).
4. Inactivate the restriction enzyme by heating or the Wizard DNA cleanup kit
(Promega).
5. Dilute the digested genomic DNA pieces.
6. Prepare the self ligation reaction as follow: (intra-molecule, hopefully)
a. 5 μL of the digested genomic DNA (from step 5)
b. 50 μL of 10X ligation buffer
c. 1 μL of T4 DNA ligase (New England Biolabs)
d. Add distilled water for a final volume of 500 μL
7. Put the tube overnight at 14 °C.
8. Centrifuge the ligation mixtures through a Microcon-100 at 500 × g for 14 minutes.
9. Transform 1mL of XL1-Blue MRF’ CaCl2 competent cells (efficiencies of >1 ×
108 cfu/μg; Stratagene) with the total concentrated ligation (~1 μg) or perform the
inverse PCR using the ligation as a template.
10. Several transformants are visible after overnight growth at 37 °C on LB agar plates
with 50 μg/mL kanamycin.
11. Extract the plasmid DNA from the resistant clones and then perform restriction
mapping, PCR or DNA sequencing analyses.
The pre-integration site of a de novo L1 insert would be identified by searching BLAT (e.g.,
hg18; Mar. 2006 freeze) with its each upstream and downstream flanking sequence obtained
from above rescue procedure. The acquisition of pre-integration sequences confers the
opportunity of additional analyses such as endonuclease cleavage sites, TSD structures, and
target sequence alterations derived from the L1 retrotransposition.
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1. Quantitative PCR is best prepared using a single channel pipette, electronic repeater
style is ideal for duplicates. A typical multi-channel pipette is typically not consistent
enough between channels for accurate duplicates.
2. Once Structure is open, do not minimize the window. If you leave Structure to use
another application, minimize that application window when finished and you will
return to the Structure sub-window to continue the set up. DO NOT click on the
Structure window – it won’t let you continue because the initial sub-window is still
open.
3. Primer3: The Primer3 software (http://frodo.wi.mit.edu/) (97) is a useful web
interface for designing oligonucleotides primers. The software offers users a variety
of options such as the size range of PCR product, primer size, GC content of the
primer, and oligonucleotide-melting temperature, which allows users to design
optimal primers. In addition, it is linked with BLAST-Like Alignment Tool (BLAT)
web browser (http://genome.ucsc.edu/cgi-bin/hgBlat) showing the genomic positions
and sequences of PCR products which could be amplified by the primers and thus
users are readily able to figure out whether the primers are accurate or specific to their
genomic target region.
4. OligoCalc (Oligonucleotide Properties Calculator): The OligoCalc (98) is a web-
accessible (http://www.basic.northwestern.edu/biotools/oligocalc.html) and
estimates properties for single-stranded DNA and RNA. Features important to
consider include self-complementarity, potential hairpin loop formation, and
oligonucleotide-melting temperature with and without salt conditions.
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Mobile element-based human gender determination. An agarose gel chromatograph from the
analysis of four individuals using the genetic systems. AluSTXa and AluSTYa loci are shown.
Males are distinguished by the presence of two DNA fragments, while females have a single
amplicon. F (female) and M (male) on each lane indicate the gender. L – 100 bp DNA ladder,
(−) – negative control consisting of a water template.
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Quantitative PCR using Alu subfamily-specific amplification. Example of a 10-fold serial
dilution of DNA duplicates using the ABI Prism 7000 Sequence Detection System. (A)
Fluorescent signal is plotted against PCR cycle number. The threshold cycle (Ct) is defined as
the cycle at which the signal crosses the threshold (represented by the horizontal line) during
the linear phase of amplification. (B) Ct values are exported into a Microsoft Excel spreadsheet
where the mean and standard deviation are calculated for each point on the standard curve.
Unknown DNA samples are quantified by comparison to the standard curve.
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Gel electrophoresis results using Alu insertion loci for human geographic affiliation analysis.
The upper band is seen for filled sites and the lower band for empty sites. Individuals exhibiting
two bands are presumed to be heterozygous. Individuals for whom only one band is visible
indicate a homozygous genotype for either of the alternative states for the locus.
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Schematic representing the steps required to perform a de novo phylogenetic analysis using
Alu insertion loci.
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Rescue of L1 integrants from G418R foci (74,92).
Genomic DNA is isolated from HeLa cells that have G418-resistance (G418R) derived from
de novo L1 inserts. The new L1 elements (thick black boxes) are recovered by either
transforming into E.coli or performing an inverse PCR.
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